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The polarized longitudinal-transverse structure function LT Ј has been measured in the ⌬(1232) resonance region at Q 2 ϭ0.40 and 0.65 GeV 2 . Data for the p(e ជ ,eЈp) 0 reaction were taken at Jefferson Lab with the CEBAF large acceptance spectrometer ͑CLAS͒ using longitudinally polarized electrons at an energy of 1.515 GeV. For the first time a complete angular distribution was measured, permitting the separation of different nonresonant amplitudes using a partial wave analysis. Comparison with previous beam asymmetry measurements at MAMI indicate a deviation from the predicted Q 2 dependence of LT Ј using recent phenomenological models.
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PACS number͑s͒: 13.60. Le, 12.40.Nn, 13.40.Gp The ␥*p→⌬ ϩ (1232) transition has long served as a benchmark for testing nucleon models. In the SU(6) symmetric quark model, this strong magnetic dipole excitation is described as originating from a single quark spin flip. Residual spin-dependent and tensor-type interactions between the quarks are needed to explain the NϪ⌬ mass difference and the small quadrupole transition strength observed in partial wave analyses of experimental pion electroproduction data ͓1-3͔. Understanding the origin of these residual interactions and their role in resonance formation and decay is a fundamental challenge for modern QCD-inspired hadronic models.
In particular, the dynamical effects of the pion cloud are predicted to strongly modify the electromagnetic couplings at sufficiently low Q 2 . Chiral-quark and bag models that incorporate pion couplings ͓4 -7͔ generally describe the ⌬(1232) photocoupling multipoles better than a purely quark/gluon framework ͓8,9͔. Recent dynamical models derived from effective chiral Lagrangians explicitly treat pion multiple scattering ͓10,11͔ and predict strong modifications to both resonant and nonresonant amplitudes. The role of the pion cloud in electromagnetic interactions is also being studied using heavy baryon chiral perturbation theory ͓12͔ and unquenched lattice QCD ͓13͔.
Unfortunately, cross section measurements alone do not provide sufficient information to separate the ⌬(1232) excitation reaction mechanisms from nonresonant backgrounds and the tails of higher-mass resonances. Single spin polarization observables, on the other hand, are directly sensitive to the interference between resonant and nonresonant processes and together with precise cross sections can provide powerful constraints to models.
In this Rapid Communication we report new measurements of the longitudinal-transverse polarized structure function LT Ј obtained in the ⌬(1232) resonance region using the p(e ជ ,eЈp) 0 reaction. Recent measurements of polarization observables ͓14 -17͔ and unpolarized cross sections ͓2,18͔ for Q 2 Ͻ0.2 GeV 2 show disagreement with some dynamical models near the ⌬(1232) peak. However, so far only narrow angular and kinematic ranges have been studied, yielding few clues as to the origin of the discrepancy. The present experiment was performed at four-momentum transfers Q 2 ϭ0.40 and 0.65 GeV 2 and covers a range of invariant mass Wϭ1.1Ϫ1.3 GeV with full angular coverage in cos * and * in the p 0 center of mass ͑c.m.͒. The data were taken at the Thomas Jefferson National Accelerator Facility ͑Jefferson Lab͒ using a 1.515 GeV, 100% duty-cycle beam of longitudinally polarized electrons incident on liquid hydrogen target. The electron polarization was determined by frequent Mo "ller polarimeter measurements to be 0.69Ϯ0.009(stat)Ϯ0.013(syst). Scattered electrons and protons were detected in the CLAS spectrometer ͓19͔. Electron triggers were enabled through a hardware coincidence of the gas Cerenkov counters and the leadscintillator electromagnetic calorimeters. Protons were identified using momentum reconstruction in the tracking system and time of flight from the target to the scintillators. Software fiducial cuts were used to exclude regions of nonuniform detector response. Kinematic corrections were applied to compensate for drift chamber misalignments. The p 0 final state was identified by requiring the missing neutral to have a mass squared between Ϫ0.01 and 0.05 GeV 2 . Background from elastic Bethe-Heitler radiation was suppressed to below 1% using a combination of cuts on missing mass and * near *ϭ0°. Target window backgrounds were suppressed with cuts on the reconstructed eЈp target vertex.
In the one-photon-exchange approximation, the electroproduction cross section factorizes as follows:
where ⌫ v is the virtual photon flux and d 2 h is the differential cross section for ␥*p→p 0 with electron beam helicity (hϭϮ1). For an unpolarized target, d 2 h depends on the transverse (⑀) and longitudinal (⑀ L ) polarization of the virtual photon through five structure functions: T , L , and their interference terms TT , LT , and LT Ј :
where (p * , * , *) are the o c.m. momentum, polar, and
2 )⑀, and k ␥ * and ͉k*͉ are the virtual photon c.m.
momentum and equivalent energy. The structure functions LT and LT Ј determine the real and imaginary parts of bilinear products between longitudinal and transverse amplitudes:
Detection of a weak nonresonant background underlying the peak of the ⌬(1232) can be enhanced through its interference in LT Ј with the strong transverse magnetic multipole Im(M 1ϩ ). Sensitivity to real backgrounds is suppressed in LT due to the vanishing of Re(M 1ϩ ) at the resonance pole. Extraction of LT Ј was made through a measurement of the electron beam asymmetry A LT Ј :
A LT Ј was obtained by dividing the measured asymmetry A m by the magnitude of the electron beam polarization P e :
where N Ϯ is the number of 0 events per incident electron for each electron beam helicity state. A LT Ј was determined for individual bins of (Q 2 ,W,cos * , *). Normalization factors cancel in Eq. ͑6͒, and since acceptance studies showed no significant helicity or bin size dependence, acceptance factors canceled in A m as well. This leaves A m largely free from systematic errors. Radiative corrections were applied for each bin using the program recently developed by Afanasev et al. for exclusive pion electroproduction ͓20͔. Corrections were also applied to compensate for cross section variations over the width of each bin. The corrected A LT Ј was multiplied by the unpolarized cross section 0 . A parametrization of 0 was used, which was obtained from the SAID PR01 solution ͓21͔ fitted to previously measured CLAS data and world data. The structure function LT Ј was then extracted using Eq. ͑6͒ by fitting the * distributions. Systematic errors for LT Ј were dominated by uncertainties in determination of the electron beam polarization and the parametrized unpolarized cross section 0 . The systematic error for A m is negligible in comparison. Quadratic addition of the individual contributions yields a total relative systematic error of Ͻ6%. Figure 1 shows LT Ј extracted at Q 2 ϭ0.40 GeV 2 and Q 2 ϭ0.65 GeV 2 , where the cos * dependence is plotted for W bins of 1.18, 1.22, and 1.26 GeV. The measured angular distributions show a strong backward peaking for W bins around the ⌬(1232) mass. The curves show predictions from recent models ͓10,22,23͔ which use different methods to satisfy unitarity in the 0 p final state. These models, which are fitted to previous photoproduction and unpolarized electroproduction data, include backgrounds arising from Born diagrams and t-channel vector meson exchange. The Sato-Lee ͓10͔ and Dubna-Mainz-Taipei ͓22͔ ͑DMT͒ models use an off-shell N reaction theory to calculate unitarity corrections, while the more phenomenological MAID2000 model ͓23͔ incorporates N phases directly into the background amplitudes. While the models describe the data qualitatively, none of the calculations is able to describe both the overall magnitude and the slope of the measured c.m. angular distributions consistently.
A more quantitative comparison was made through fitting the extracted LT Ј angular distributions using the Legendre expansion: 
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LT Ј ϭD 0 ЈϩD 1 ЈP 1 ͑ cos *͒ϩD 2 ЈP 2 ͑ cos *͒,
͑9͒
where P l (cos *) is the lth-order Legendre polynomial and D l Ј is the corresponding Legendre moment. Each moment can be decomposed into interference terms involving the leading-order magnetic (M l Ϯ ), electric (E l Ϯ ), and scalar (S l Ϯ ) multipoles:
where l is the 0 p angular momentum whose coupling with the nucleon spin is indicated by Ϯ. Figure 2 shows typical fits to LT Ј angular distributions near the peak of the ⌬(1232) resonance ͑left͒, while the Q 2 dependence of the extracted Legendre moments is compared to model predictions ͑right͒. The largest disagreement with models clearly occurs for D 0 Ј , which is dominated by interference terms involving s-wave N multipoles. The CLAS data also require D 2 Ј 0. The fitted D 2 Ј strength has the same sign and overall magnitude as the model predictions, although we cannot differentiate between the models due to large statistical uncertainties. No evidence for d waves was observed in our measurement of LT ͓1͔.
We also compare our fit results with a recent MAMI measurement ͓16͔ of the beam asymmetry A LT Ј at Q 2 ϭ0.2 GeV 2 . The published MAMI angular distribution was converted to LT Ј using Eq. ͑6͒ and MAID2000 for the unpolarized cross section 0 . Since the MAMI data do not have sufficient angular coverage to determine D 2 Ј , the fit was performed by constraining D 2 Ј relative to D 1 Ј using MAID2000. With D 2 Ј fixed, the remaining Legendre moments estimated from the MAMI data can be compared to the Q 2 trend of the CLAS data ͑Fig. In summary, complete angular distributions for the polarized structure function LT Ј were measured for the first time, using the p(e ជ ,eЈp) 0 reaction. In accordance with measurements at lower Q 2 ͓14 -17͔, evidence for significant nonresonant background in the ⌬(1232) region is seen. A departure from the predicted Q 2 dependence of various effective Lagrangian based models is seen at the ⌬(1232) peak when the CLAS data are compared to the MAMI data at Q 
